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A STUDY OF THE EFFECT OF CO-DEPOSITED COBALT. AND COPPER 





- Charles E. . Jones 1 
ABSTRACT 
y. ..,;; . .. • ~' 
Permalloy films with uniaxial anisotropy were prepared PY elec--· 
,. 
trodeposition from a sulfate bath onto a five mil Be-Cu wire. Con-
trolled amounts of CU and/or Co were added to the bath in order to 
'• 
. -
determine the effects of cotleposited Co and Cu on the magnetic pro-
perties of near zero magnetostricti ve films. Average characteristics 
for four-inch segments were determined using a pulse method. 
The magnetic effects of the quaternary Ni-Fe-Co-Cu were found 
to be a superposition of the ternaries Ni-Fe-Co and Ni-Fe-Cu until 
high (25%) Co was reached. Both Co and Cu dependent resilience have 
been observed, however, the Cu dependent resilience shows a sharp 
maxiIIDlt; at approximately ( 6% CU) • Amplitude -dispersion due to copper 
pair anisotropy is thought to be the cause of this effect. 
.''' ' , ... ! 
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. The quest for faster and more compact memory elements for data 
I processing systems has generated considerable interest in ferromagnetic 
films. To date, ferrite cores and sheets have been the most practical 
memory el~ments for fast computers; however, to decrease the switching 
time below a microsecond, these cores must be made extremely small. 
Aside from the obvious handling problems, the smaller size causes an I 
intolerable decrease in the signal-to-noise ratio. 
Ultimately, a faster switch will be needed to realize switching 
times of the order of nanoseconds. Other devices that might satisfy 
these requirements are being investigated but are far from practical 
realization. Some of these are superconductors, ferroelectric cores, 
lasers, and integrated circuit devices. 
The theoretical basis for a magnetic thin film switching device 
was established by Kittel(l) who showed theoretically that if a ferro-
magnetic layer is sufficiently thin it is energetically unfavorable 
for domain walls to fonn. This hypothesis was proven by Crittenden 
and Hoffman<12 , 3> on thin Ni films and by Conger<4) and Blois(S) who 
0 prepared and studied the properties of permalloy films less than 3000 A 
thick. 
The behavior of magnetic thin films may be different from that 
' 
of bulk materials for two essential reasons.CG) First, in contrast 
to the interior electron, the surface spins are usually in an environ-
ment of low symmetry due to the fact that there are neighbors only 
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layers on the substrate side of a thin film is influenced by the nature 
of the substrate and its temperature during depos.ition. ,. 
' Permalloy films possess several inherent characteristics that 
make them ·a very likely prospect to become the work-horse of the 
computer industry. Firs,t, switching times on the order of a nanosecond 
' ;.-
are possible because of the high speed of coherent rotational mangeti-
zation reversal. Magnetic reversal by coherent rotation is between 
one and two orders of magnitude faster than by domain wall pio~ion. 
I • 
Secondly, there is a composition where the magnetostrictive coefficient 
is zero. Since invariably evaporated and electrodeposited filins are 
in a state of stress, a zero magnetostrictive coefficient prevents 
the stress from playing a direct role in affecting the magnetic pro- ".' _ 
perties. Thirdly, coherent rotational magnetization reversal and zero 
,. magnetostrictive coefficient occur generally in the same composition 
region. The possibility of coherent magnetization rotation was sug-
gested when Kittel predicted that there should be a critical thickness 
below which a film becomes a single domain on the application of a 
magnetic field, then it is reasonable to expect that any magnetization 
reversal will occur by coherent spin rotation. Domain structures form 
.. ·---'·-·---'--"-·~-·---,-.'.,-----·-·. _, __ . - -· in such a manner so as·· to keep the film energy at a minimum. If the 
exchange forces were the only forces acting on the atomic moments, the 
film would exist as a single domain. However, the lowest energy con-
figuration ·in the .film is controlled also by other forces: magneto-
crystalline · anisotropy forces which tend to make domain boundaries . . 
sharply defined, and the magneto static forces whic.h ,tend to force the 
individual .moments to form a closed _path. Consequently, films normally 
. 
~·~, . . 
. ........... -_ 
.~..... . 
1-.-·:· 











· ··p.<>ssess domain walls. Since the forces necessary to .move domain walls -
is in general smaller than the corresponding force to rotate the mag-
netization vector for· a given magneJi_c change, magnetic reversal comes 
about by wall motion provided walls are present. 
The thin film switch is based on the existence o~ a uniaxial 
magnetic anisotropy in the film, that is, there is an easy axis of 
magnetization and energy is required to rotate the magnetization vector 
I through an angle 8 from the easy axis this energy canusuaily be 
given as 
E = K Sin2 8 (1) 
where K is the anisotropy constant. The easy axis is defined by the 
direction of an external magnetic field in the plane of the film 
during its preparation. 
It has been shown(7) that the onset of magnetization reversal 
by rotational processes is given by the parametric equations: 
HI = sin3 (J 
H11 3 · 
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where H1 is the magnitude of the transverse field (perpendicular to 
the easy axis) and H11 is the magn.itude of the field along the 
direction of the easy axis, and 6 is the angle between the magneti-
zation vector and the easy axis. 
In the ideal case, switching would occur by coherent rotation 
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· above the solid line in Figure ·1. , There would also be regions in 
which the slower wall switching would take.place and regions in which 
reversible processes would occur with no switching. 
-\_ At least four methods have been used successfully to prepare 
magnetic thin films: (a) cathode sputtering, (b) vapor deposition, 
• 
(c) chemical deposition, and (d) electrodeposition. 
Mathias (S) and Long (9 ) ,_ have summarized the important factors 
affecting the composition of the films during electrodeposition,:.~ 
namely the.composition, temperature and pH of the bath; the plating 
current density and the nature of the substrate. A variety of anions 
· (10 11 12 13 14) have been reported ' ' ' ' among them are sulfate,chloride, 
flouborate, sulfamate, hypophosphite, and cyanide. 
Crowther(l4 ) outlined that the most desirable storage device 
' 
' 
with high element density must pos~~ss low anisotropy field, 8ic, low 
\ 
angular dispersion, a gc) and higli' wall coercive force, He. To this 
might be added negligible creep and a high non-destructive readout 
field. 
Crowther found that by diffusing S:-vapor deposit overlayer of 
~-) 
copper into the permalloy film it is possible to raise He with negli-
gible increase in 8ic· Increasing the substrate temperature will also 
increase He but will adversely increase 1\c and easy axis dispersion. 
Wolf(lS) added. cobalt to a permalloy plating bath and found that 
up·: to approximately 30% Co 1\c increases while He remains relatively 
constant. Beyond 30% Co Hc,!::starts to increase and 8ic levels off. 
. I• . 
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The aim of this experiment • to determine the effects the lS on 
magnetic parameters of varying additions of copper and cobalt to the 
permalloy plating bath. Hopefully, a method for independently con-
trolling the magnitude of He and~ without adversely affecting the 
dispersion of the easy axis will be demonstrat· 
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II EXPERIMENTAL PROCEDURE 
·; ' I 
Preparation of Samples 
The samples used in this investigation were prepared on the 
continuous plating line shown in Figure 2 and Figure 3. The wire 
prepared by this process is moved continuously past the substrate 
,. 
i 
preparation, the permalloy deposition, and the annealing positions at 
a constant rate of 6 inches per minute. The substrate is 5 mil, 
Cu - 2% Be wire. 
The substrate preparation consists of two steps, electropolish 
and copper preplate. The purposes of the electropolish step is to 
both clean the· surface of contaminates, and to electrolytically le\rel 
the surface by removing scratches and draw marks. The solution con-
sisted of 80% phosphoric acid and 20% methyl alcohol and was kept at 
room temperature. The polishing current was maintained at· 550 
ma (1.8 c~2). The·. ~o~lu,tion is constantly circulated and filtered. 
While the elec~ropolish. can effectively remove the raised portion 
of the defects on the wire, severe polishing would be required to · 
completely smooth the surface. Completion of the leveling process 
is one of the functions of the copper prep late; a second function is 
to provide a fine grain underlayer for the permalloy. 
The copper sulfate solution was maintained at 50°C and plated at 
14 ma (70 ma/cm2). It is also circulated and f ilte:red. Following 
. ' both the electropolish and copper deposition the wire was water rinsed. 
When depositing iron-nickel films, there is a range of f~ow-rates 
· and temperatures; corresponding to a given combination of both com-
. ' 
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iron· nickel ratio for zero· magnetostriction. One possible way of de·-
I I positing films with small additions of copper and/or cobalt is to es-
! -· .. ·~· • ., ---
tablish the proper plating conditions for the pure iron-nickel then to 
make the additions to the bath without varying the plating parameters. 
For this experiment, however, it was .found to be more relevant to vary 
temperature and flow rate so as to maintain zero magnetostriction 
throughout the experiment. One apprehension of this method is that 
the iron nickel ratio for zero magnetostriction may not be single 
valued for a given quantity of impurities; however, if small deviation 
i~ temperature and flow rate are made it can be safely assumed that 
the film composition remains on the same zero magnetostri~tion subspace 
in the quaternary diagram. 
The ultimate characteristics of the film will be affected by the 
anions present in the solution during deposition. However, since the 
experiment was to determine the effects of bath.composition, the 
bath was selected on the ha.sis of possible control of impurity content .• 
The recipe for the sulfate bath used is given below. 
.. 
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Both copper .sulfate (CuS04 • 5H20) and cobalt sulfate (Coso4 ·7~2o) 
salts were dissolved in permalloy solution for the impurity additions. 
. This prevented any change in the nickel-iron ration when·· the impurity 
concentration was changed. Based on preliminary investigations it was 
determined that the impurity range of in~erest would be Coso4 • 7H20 
(0 to 8 grams/liter) and CuS04 • 7H20 (Oto 0.40 grams/liter). Six 
.. 
runs ~ere made, 2 ternary (Ni Fe Co and Ni Fe Cu) plus 4 quaternary • 
. 
For the quaternary runs the Ni Fe Co content was held constant and the 
I . 
copper content varied. The tables below list the scheduled compositions. 
Run 
I 0 0 .25 .50 1 1.5 2 4 8 
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Samples of the so'lution were taken before and after each impurit,y 
addition • These samples were quantitatively analyzed for Ni, Co, Cu, 
Fe+2 and Fe+3. 
Throughout the experiment, the pH was maintained at .2.76 and the 
· 1 t · t at 30 ma ( 300 .!!!!. ) • . p a ing curren cm2 . . 
" ( The in-line furnace used for annealing was 18 long annealing 
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was forming. gas· .(N2, 10% H2). 
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The source of the anisotropy field was a 550 ma current down the 
wire. This current supplied a 17 Oe field in the circumferential 
direct.ion for both. permalloy deposit ion and annealing. 
Instead of having the drive mechanism pull the wire through the 
·system it pushes, while the capillary device pulls this arrangement 
permits the wire to achieve some torsional relief while being 
processed. 
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Magnetic Testing .,. ' 
•. I 
In order to determine the average magnetic characteristics of 
I , 
' 
plated wire, two testing methods are,possible. The magnetic character-
istics could be measured over successive small segments (0.02") and 
a length-wise profile obtained. These data could then be manipulated 
., 
to obtain average characteristics. Or, one ... could make the magnetic 
. \, ' ,,. 
measurements using long segments (4"); hence, the averaging will be 
inherent in the measurement. The second method·~is obviously the most 
representative of the gross effects of compositional changes, however, 
it must be pointed out that there is no reliable way to predict the 
mil-by-mil magnetic characteristics based on these data. 
The feedback information needed to establish the proper plating 
parameters was obtained off-line using a testing method described by 
. (16) 
Belson • The information of primary interest was magnetostriction 
·· and approximate dispersion. Once the zero magnetostriction composition 
was achieved the wire was then set aside for further testing. 
The extensive magnetic testing was performed using the test fix-
ture shown in Figure 4. Once the wire was placed in the fixture it 
was not removed until all the magnetic data had been collected, thus 
eliminating handling mishaps. · Figure 5 shows a detailed electrical 
schematic of the fixture. Electrical contact with the wire is made 
1- •t ... 
at the two mercury filled cups at the fixture extremities • 
The interconnections of the fixture, pulse generator, an4 
oxcilloscope are shown in Figure. 7. The heart of this system is 
,, 
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the Adar pulse programmer. A brief description of_ the programmer is 
pertinent. Functionally, it consists essentially of 12 independent 
pulse generators and a maste_r clock. Each of -the pulse generators 
can be turned on and off at any time duri~g ·the master cycle and with-......... 
as many~··repetitions as desired. Each output can be adjusted indepen-
dently for height, -width, and polarity. Pulses are subsequently 
amplified where refinements are made on duration, rise and fall times. 
The oscilloscope is a Tektronic type 556 which consists essentially of 
two scopes with independent time bases displayed on-·a common CRT. 
Pulses are applied to generate either an axial or circumferential 
magnetic field and are called respectively word and bit pulses. The 
word pulses are applied to a long solenoid and the bit pulses down the 
wire. The voltage, induced in the wire when the word-read pulse is 
applied, is measured as the sense or signal out. 
The bit access to the wire is that length of wire existing be-
tween the two mercury contacts at either end of the test fixture. 
This length is defined to be the electrical length of the test 
specimen. 
The effective length of the wire is that four-inch section under 
- the .solenoid. 
A brief description of the signals and their functions is given 
below. 
· Clear Pulse (C) 
. Function: A ·bit pulse of sufficient amplitude to rotate all 
~ ... , ............. . 
,,. 
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wire has been thus cleared, no domain walls will 
exist for the entire electrical length.of the 
wire. 
Amplitude: 600 ma (18 Oe) 
Duration: 5 microseconds 
Disturb Pulse (D) 
Function: A bit pulse of sufficient amplitude to cause 
the domain walls, that exist near the electrical 
ends (mercury contacts), to move. This domai~ 
wall movement creates multidomains over the 
entire length of the wire. 
Amp:litude: Variable 
Duration: 5 microseconds 
Read Pulse (R) 
Function: The read pulse is applied with consistent 
polarity to the long solenoid so as to establish 
a reference for the state of the easy.direction 
magnetization. The re.ad pulse rotates the mag-
netization to the hard direction and when it is 
removed the magnetization falls back to the easy 
directions. When the signal is rotated from the/' 
easy to the hard direction, an output signal is 
produced in- the sense line. The po~arity of the 
output signal is determined by the direction of 
rotation of the easy direction magnetization of 
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the wire. For a non-destructive readout process,. 
there should be no degeneration of the signal 
after successive reads. A- test for the .non-
destructive characteristics of the wire is to 
apply succe.ssi ve ( 104) read sig~als of the 
same amplitude and determine the read level that 
will cause no degeneration between the first 
and last pulse of the series. 
Amplitude: 300 ma (25 Oe) 
Rise Time: 0.3 microseconds 
Duration: 0.6 microseconds 
Ramp (R') 
Function: The ramp signal is a slowly rising word current. 
Rate of 
Rise: -
By simultaneously observing the sense signal and 
the ramp, one can determine the field necessary 
to induce coherent rotation. · 
i 50 ma. per microsecond 
Write Signal (W) 
....... i~ . ,, ~: ·' . , - .. ' 
····~:{· 
...... : ,· . 
11·, ,. 
. ,1 • -";· 
.:Function: The write signal consists of two ·pulses, first 
a word pulse· rotates the magnetization to the 
hard direction then a bit steering pulse is 
applied to tilt the magnetization to the desired 
:<·:~_/· .. -easy direction. The polarity of the bit steering 
. ,·t .. }._'. i -1;, ,···~. 
' . ' ~ . 1 · d t · h th a "1" or· "o" 1· s wr1· tten. pu se~~ e ermines w e er 
.-.-'.-!, !: ·.. . . -·- -· ,-•.·' e<= . ..:-, -.• ·: .:;----, •. .,-. .- -·· • 
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The bit pulse is app~ied before the word pu1$e; 
it comes on and remains on after the word pulse 
has been extinguished, however, it does not ro-
tate the magnetization but only serves to steer 
.the magnetization once it has been rotated to the 
hard direction by the word signal. 
Amplitude: Bit, 30 ma 
Word, 300 ma 
Duration: Bit, 5 microseconds 
Word, 2 microseconds 
(-.J<', 
Rise Time: Bit, 0.1 microsecond 
Word, 0.1 microsecond 
. ·('· 
. Using the pulses described above, six magnetic parameters were 
measured. 






The field required to nucleate domain walls (8N). 
Anisotropy field (HR). 
Dispersion (a90) and Skew (Bs). 
Easy direction coercive force (H ). 
C 
Non-destructive-readout properties (HNDRO). 
Tot-al saturation magnetization (Ms) is measured by applying a 
- ·-
' 
·. clear-read pulse sequence. The total. flux then is proportional to the 
time integral of the output voltage. Because of dispersion, the 
level of the output signal does not remain constant when the polarity 
of the clear pulse is reversed. The average of the.two integralf3._ is 
"'--. 
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The wall nucleation energy is measured. by applying a clear-
disturb-read pulse-sequence with the clear and disturb being of oppo-
site polarity. The level of the disturb is adjusted untiT~1the output 
reads zero. The clear pulse leaves the wire in a single domain and 
the opposite directed disturb pulse nucleates domains of the opposite 
direction. As the level of the disturb pulse is increased, the new 
domains grow at the expense of the parent domains until an equal 
amount of ,magnetization is directed in each direction; this is mani-
·-;t _11 ~ 
fested by the output signal going to zero. 
The anisotropy field (HR)* is measur~d with the pulse sequence _ 
Clear-Ramp. The fact that d·omain walls motion starts before the t,, 
film switches and that there are regions of high HR, makes the envelope 
of the output signal reflect a distribution of HK. The mean value is 
taken as HR· 
Dispersion is measured using the clear-write-read pulse sequence. 
·' 
The word portion of the write signal (H1) is made sufficiently larger 
than the anisotropy field and the bit tipping field is made sufficiently 
' 
large (30 ma) to insure that 100% of the magnetization is tipped into 
the preferred easy direction. The tipping field, (H11) is then reduced 
until the output signal r·educes to 80% of its original value. This 
creates regions of clockwise and counterclockwise easy direct ion mag-
netization. When read, these regions produce signals of opposite 
polarity. Since the signal is a measure of the net magnetization, a 
*HR is the mean value of a HK distribution. The subscript change dis-
ti1:1guishes the ramp pulse method from the hysteresis type measurement. 
This distinction was introduced by Dr~ Po I~ Bonyhard of Bell Telephone 
Laboratories who first introduced the method used here. The correlation 
of the uvo measurements is discussed in a yet unpublished paper(20) by 
Dr. Bonyhard and co-,vorkers. 
/ 
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. 10% opposing flux causes a 20% dr~p in the output signal. Thus, H~ 
is a measure of the tipping field. (H11) required to· tip ,90% of the 
flux. When the polarity of t}le clear pulse and t~e tipping pulse, H11 , 




is reversed then the magnetization is··-written into the opposite direction. 
This'· re~ults in a measure of H~ • The skew is defined as half the 
... ; -.. 
·.•.• 
+' -difference of a 90 and a 90 
~-· 
88 = i (H~ - -Ha) 
and the dispersion current as the average value of a+ 
90 





The easy direction coercive force or the magnetic field required 
to move an existing domain wall acr~ss a specimen is measured using 
the pulse sequence--clear-write-disturb-read. The clear pulse sets 
the electrical leng~b into a single domain; the write pulses write 
the· effective length into the opposite easy direction. The disturb 
pulse which is of the same polarity as the clear causes the domain 
walls at the end of the solenoid' length to move until the effective 
length of the wire is equally divided between oppositely directed mag-
netization. This causes the output signal to go to zero. The magni-
tude of the disturn pulse is defined to be the easy direction coercive 
force. 
The non-destructive readout pa~ameter C8m)RO) was the final mag-
,, netic parameter measured. Here, clear and write are Eis· before, however, 
th 
the read consists of 104 successive read pulses. By superimposing on 
the CRT the signal output resulting from the first and last read 
.gt 
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Analysis 
The quantitative -analysis of, the solutions were performed by 
-
the analytical group ·using standard laboratory technique. The films 
were analyzed for Fe, Ni and Co by X-ray fluorescence analysis of the 
, .. · 
powders of the dissolved films. Analysis of the copper content in the 
film was not so straightforward. The fact that a copper substrate was 
being used suggested the use of radioactive copper in the plating bath. 
However, due to the short half-life of the Cu isotopes and because 
hazardous quantities would be required for the four liter bath to be 
detectable in the film, this approach was ruled out. Instead, the 
) 
copper was analyzed by establishing the stripping characteristics of 
the permalloy and stripping a known fraction of the film from a sample. 
The Ni/Cu ratio is-determined in the deplated solution by atomic ab-
sorption. Since the Ni content is determined by the X-ray fluorescence 
described abo~e the Cu content can be calculated. 
Samples were slide mounted for standard optical and electron probe 
- metallographs. Using an ultrasonic agitator it was possible to pre-
-_ ferentially dissolve the Cu -substrate in a NH40H + H2o_2 bath. However 
attempts to thin the films for transmission microscopy were unsuccessful 
because of the inability to establish an undirectional etch. The porous 
·structure permitted the film to be attacked in all directions causing 
0 
complete disintegration before thickness in the range of 100 A could be 
achieved. 
,... 
. . . . 
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'' j Cobalt 
,. 
In Figure-IO through 15 the magnetic parameters are plotted 
against the concentration of cobalt sulfate in the plating bath. 
Figure 16 shows the weight of cobalt sulfate in the plating bath plot-
ted against the weight percent of cobalt in the film. In Figure 17 
the magnetic parameters are converted to Oersteds and plotted against 
the weight percent of cobalt in the film. For conversion, the HN and 
He milliampere values are converted to Oersteds by the factor 3 
Oe/ma. HR and HNDRO are converted using the conversion factor 8.2 
Oe/ma. The factors 3 Oe/ma and 8.2 Oe/ma correspond to the magnetizing 
force produced in the film due to a current at the surfaces of the wire 
and a current in the long solenoid respe'ctively. 
The dispersion current is converted to degrees using the ex-
pression 
:;.,. 
ago= • Sl.D 
The nanovo'lt second measurements are converted to magnetic moment 
per unit weight by dividi~g the flux by the weight. 
t 
vdt (See Appendix B) 
',.., . ·O 
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Copper 
The effects of copper additions are presented in mtibh the same 
manner as the cobalt results. Each magnetic parameter is plotted se-
parately against the weight of copper sulfate in the plating bath 
showing each cobalt le·vel (Fig. 18 thru 23). The second· set of graphs 
show all magnetic parameters plotted together against the weight per-
cent of copper in the film, one for each cobalt level (Fig. 25 thru 30). 
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.. The compositions of the iron-nickel-cobalt films ·correspond to 
those alloys having zero or near zero magnetostriction. A triangular 
plot of the alloy compositions is shown in Figure 31. Superimposed 
on these data points is a zero magnetostriction line determined by 
Tolman. (l7) Although Tolman's data have been collected from evapor-
ated flat films as opposed to the electrodeposited cylindrical films 
of this experiment, the correlation is remarkable. 
From Appendix A it is of interest to note that although the 
weight percent of cobalt varies from O. 48% up to 27. 42%. The Ni/Fe 
·ratio remains within 4.1 + 0.5. This indicates that cobalt is not con-
-
sistently substituting for either iron or nickel on the iron-nickel 
lattice. 
Electron probe measurements with resolution less than one micron 
(Figure 35r) indicate a homogeneous distribution of cobalt. This does 
not, ·however, disprove.the probability that cobalt segregates at the. 
grain boundaries since the crystallite size may be less than the 
resolution of the probe. 
When the percentage of cobalt in the film is plotted against 
the amount of cobalt in the electrolyte (Figure 16), the least squares· 
line has a correlation factor of 0.994·indicating the excellent con- -',,--;;,·-
' l 
trol of cobalt content in the film. 
From Fig. 17 H is seen to increase linea~ly over the entire 
R ~ 
I ' 
cobalt. range investigat-ed. He starts to increase slightly at the 
,. ' 
15% Co level., but the maximum cobalt content is 27 .4%. Wolf (IS) has 
/ ' 
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reported observing an increase in the He-Co slope at approximately·. 
· 35% Co. HN and ~RO also increase linearly with cobalt concentra-
\i'' 
.. 
tion (Fig. 17). These increases are thought to be due to increases 
in the local stresses in the films. The fact that the net magneto-
striction is zero does not negate the fact that there are internal 
stresses due to a radial concentration gradient. Shukovsky and 
-
. (18) 
Turnbull have observed such gradients in nickel-iron films. 
Since 8c is largely dependent on inclusion and surface roughness, 
its behavior in the range i~vestigated is as would be expected. 
The dispersion of the easy axis (Fig. 17) is seen to decrease 
up to approximately 8% -Co, then· level off, indicating that the most 
usable range of the Ni-Fe-Co _alloys would be above at least 10% Co. 
The fact that changes in the cobalt concentration has little 
effect on the saturation magnetization can be demonstrated by assuming 
. 
that the Bohr magnetons per atom for the alloy can be represented as 
a linear combination of the Bohr magnetons per atom of the alloying 
elements. To satisfy the pure states, the coefficients must be 
identical to the concentrations. 
Then 
where 
Ifs = Bohr magnetons per atom of the sup·erscripted metal 




= atomic per cent of the subscripted metal. 
= 0. 6 ~i + 2. 2 XFe + 1 • 7 XCo 
' 
= 0.6 dXNi + 2.2 dXFe + 1.7 dXCo · 
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-- = 4 
-
so 
dN = (0.6 ~i) + 2. 2 dXFe + 1. 7 dXco 
dN =(0.6-1.7) dX_ __ + (2.2-1.7) dX_ 






dN dN dXFe 
-~ dXFe dXc 
= (-3.9)(-0.18) =+0.72 
Considering the t~o extremes, the first and last samples from Run I, 
"'l - kN1 = k [ (0.6) (0.82) + (2.2) ( .125)] -
"11 - (0.877)k = 1.64 -
1.64/-.:877 = 1.87 kl -
"1s - kNs =k [co.a> (0.62) + (2.2)(0.124) + (1. 7) (0. 274)] 
~8 = 1.1 k = 1.77 •· 
k8 = 1.77/1.1 =·1.s2 
:. l :- .·t':. . .a. 
'\ 
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tbat 1/1 Considering the fact is measured by integrating the trace on 
an oscilloscope, this 13 .. 4% is within the accumulative experimental 
error. 
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• ,--,'« Copper ' ' ;: 
(."" ·. 
The copper salt concentration in the pla~bath, like cobalt, 
·,. 
·is seen to have little effect on the'nickel-iron ratio in the film. A· 
departure from this trend is seen, however, when the cobalt salt con-
centration reaches 8 g/1.. In this region the nickel-iron ratio is no 
longer four· but increases to approximately five. This factor when con-
sidered with the fact that the much larger impurity concentration in the . 
bath does not result in a corresponding increase.in the copper plus 
• 
cobalt content of the film, suggest that the greater influence of the 
increased cobalt is to raise the nickel-iron rAtio. It might be ex-
pected then that any unique quanternary effects might begin to be ob-
served when the cobalt salt content exceeded 4 g/1. 
The difficulty in contro_lling the copper content in the film can 
be seen from Figure 24. When ·copper salt concentration in the bath is 
low, the control is quite good, but as the copper content approaches 
0.25 grams per liter the slope shows a drastic increase. In the higher 
copper salt·region any slight change in the bath concentration causes 
a large change in the film composition. 
The fact that the electrodeposited films can support the coexistence 
of non-equilibrium phases complicates the interpretation of the effects 
of copper. From the probe measurements, it is seen that there are 





j ~-- .-_ 
/· •. 
~J''"''. .. , ..,: ... ,. .. , ..... , ... :-... >~Cu. This suggests two different ways in which the additions of copper 
! 
to the plating bath might affect the magnetic characteristics of the 
- ·',1 
film. First, the copper inclusions might be viewed as non-magnetic 
. -, - ----·--.:--,---~ ----.-----'"'"·:·:-,---· -•,7.,_ •• 
.. ,- , .. - .. -----------··•-'·----~------~ .. ----,--,-..--,...,..-~--,-~ .......... -~~-_!,~~'ti~~"!'·'"":'\""'.· .... ..,.~.~~-... ...----~ - ' 
,,.., .. 
. . 
:::i-_r---=--~----:::::F'.---:- ---------=-..:'. . ··- ---· - - -, r 
' •, 
: /' •'· 
27 
I 
' . . -,,...,.,,.,,, ' 
. . f . ~·~-i 
. ' ' 
• y,• 
holes in the permalloy film and changing the copper concentration is a 
matter of changing the size and number of such holes. Secondly, changes 
~-........ -
in the magnetic characteristics migh:t be due to changes in.the amount of 
copper that goes into solid solution as well as the amount that se-
. ··\· -•\ 
gregate's at the grain boundaries. A. R. Von Neida and F. B. Hagedorn0.9) 
in investigating the diffusion of copper into permalloy films have 
suggested that the grain boundaries initially offer a high diffusivity 
path but eventually saturate. This would suggest that all of the 
above mechanisms are initially active. 
The bulk properties of permalloy indicate that Msshould go to tC_ 
zero at 55% Cu, however, data collected by Wolf(l5 , 20> suggest that 
the concentration at which Ms goes to zero may be closer to 25% Cu 
in permalloy films. If this is true, then Figure 25 shows that there . 
is consistently an excess amount of copper in the film over that 
actually in solution. That if for a given t . t· as mange iza ion, -
"'O 
CU concentration .. is higher than that reported by Wolf. This 
, the 
is due 
partly to an increase in the Cu rich regions and pa,rtly to increase 




Some of the magnetic parameters are 'seen to be unaffected by the 
presence of copper notable HN and HR. The graphs 26 through 30 exag-
gerate the variation in He since the graphs for the sake of clarity 
show 10 He. When making the He measurement, it is not. possible to 
distinguish between domain wall motion and coherent rotation. However, 
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Copper is seen to have little effect on the dispersion of the .. r . 
easy axis until the copper content reaches approximately 20% (lower 
for highe·r Co. level) • The effect is due in part to an increase in 
grain size. 
' , "t 
L 
~DRO is a seldom reported parameter but a very useful one for 
computer applications is seen to go, through a peak as copper is in-
creased. This is repeated for each cobalt level including zero cobalt. 
Tp.is increase in ~DRO means that a memory element can be read with 
an increased drive without destroying the information stored there. 
It does not, however, necessarily mean that the memory element can 
be read nondestructively a greater number of times at a lower level. 
Further research is needed to relate these two different parameters. 
To obtain maximum signal output, the· read signal H should always 
r 
exceed the anisotropy field Ha. However, for a reliable non-destructive 
readout device there should be a reasonable margin for Hr such that 




The ratio HNDRO/HR is a measure of the tendency of the magneti-
zation to return to the easy direction from which it came (resiliency) 
·-·1 • 
after being switched by a hard direction field. In Figure 32 re:sil-
·iency is plotted against copper concentration for the five copper runs, 
superimposed on this plot is the resiliency vs. cobalt for the copper 
I . 
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free run. For the portion of the curves where the ratio HNnRo/HR is 
greater than -ze·rcr resiliency is exhibited. The ef:eects of angular 
dispersion on the resiliency have been minimized since the 8NDRO 
· Jlleasurements represent the averag~ of ~DRO and Hiooo· 
H. J. Kump(2l) has observed resiliency in permalloy films and 
suggested that the mechanism migllt be amplitude dispersion -- the ex-
istence of regions of high HK. The compositional dependence of the 
resiliency observed in this experiment has enhanced this theory. The 
resiliency peaks in the 5-10% Cu region strongly suggest that the cause 
for the amplitude dispersion is copper pair anisotropy. In spite of 
the strong effects of copper-pair anisotropy on the 1\a)Ro magnitude 
Figures 20 and 26 thru 30 indicate that it has little effe~t on HR. 
The fact that Wolf(ll) did not observe changes in HK (Hit) whE:n copper 
concentration was varied led him to conclude that there was no formation 
of copper pair anisotropy. 
-~ 
•. I 
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The principal findings of this study of the effects of codeposited 
· cobalt and copper on the ·properties of permalloy fi·lms are summarized 
below. 
1. Cobalt when added alon~ has the effect of increasing the ani-
sotropy field, HR, the nucleation f.ield, 1'N and the non-
2. 
,, 
destructive read level HNDRO· 
no effect on the Ni/Fe ratio. 
It is seen to have little or 
Copper when added alone has little or no effect on the nu-
cleation field, -8N' the anisotropy field, HR or the angular 
. dispersion, a 90 • - It does however cause the coercive force 
to decrease up to approximately 10% Cu ... 1 In the region of 
5 - 10% Cu a sharp peak in the non-destructive read level was 
observed. This peak· is thought to be a manifestation of 




. In 'the Ni Fe Cu alloys incre_asing copper content shows a 
[ 
slight tendency to increase the Ni/Fe ratio. ','·In all a~· the 
films containing copper, c~ring was observed which resulted 
-in regions or inclusion which seemed to be pure copper. This 
can be attributed to the separation of Cu and the other metals 
.. --, in the electromotive series as well as to the preferential 
growth of copper from irregularities in the substrate. 
'.~
1 
. The_ p1--operties of . the quarternary alloys are, for the low 
cobalt levels, a 'superposition of the ternary properties. For 
-· 
all levels copp~r in the presence of cobalt causes an increase 
in the angular dispersion beyond 15% Cu. For the higher co-
, .... J 
... 
·-- ---- .- -~- ., ... - - - -- . -- '-:_-., _', - . ' 'J .· --- - - :', --··-·, .- - - ·- .• _. '. 
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balt levels (% Co> 10%) increasing the copper content .causes 
He to increase. 
Although the non-·dest]iucti ve read level increases with the 
.. ~ -·: ~ 
, •I' 
cobalt level in the quaternary alloys, the resiliency (HNDRO) 
HR 
decreases because of the increase in HR •. 
r --:~ 
From the results of this experiment composition changes ' ' 
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Suggestions for Future Work 
Throughout the experiment many tempting avenues of pursuit 
occurred which are best deferred to future work. Some of these are 
listed below. 
1. Effects of Heat Treatment 
A factor as important in alloy design as composition is 
post heat treatment. All of the alloys -studied in this ex-
,1:. 
l 
periment have received the same magnetic anneal. There is 
no valid reason to assume that they would all respond the 
same to different heat treatments. If •. ;~t" I ' .. :-. 
' ,• 
'· .-;•· 
2. Effects of Plating Parameters 
Throughout the experiment permalloy current density and 
pH have-been kept constant. An informative experiment would 
be to investigate the effect of varying the four principal 
plating parameters (1) temperature, (~) flow rate, (3) 
current density and (4) pH on the magnetic marameters as 
well- as residual stresses. 
a. Correlation of long Solenoid Measurements with Discrete Bit 
Measurements 
---.., . .: 
In view of the fact that a bit of information can be stored 
in a very short segment (0.020")' of wire, it might well be 
. 
possible that combinations of composition, plating parameters 
and heat treatments· that optimize the average characte_r-istics 
may not produce the best possible bit-by-bit characteristic. 
•I·' 
' 
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Copper Additions on ,Resistivity of 
A combination of resistivity measurements with the appro-
priate heat treatments might yield important information or 
ordering in the Ni Fe CU films. 
Extend the Range of Cobalt 
It is possible to form zero magnetostrictive films of Ni Fe 
Co up to approximately 90% Co. A challenging wor~~J-Ould be 
.,. 
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.FIGURE 1. Threshold switching Characteristics<21> 
· .. .:, ... 
'.~ i '' ' · .• ..-:..J, ,I 
·1 













14.,IGURE 2. Pl ting Line Photograph 
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Mercury Contact Cup 
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Capillary Pulling Mechanism 







Supply for Anisotropy Field 
Supply for Electroplating 
FIGURE 3. Diagram 0£ Complete Plating 
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FIGURE 4. Testing Fixture Photograph 
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Measuring He, HNDRO' 
h2 = o. 9 hl 
then 
h = H 3 NDRO 
Rate of rise 
50 ma/µ sec 
'.1 
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FIGURE 16. Film Cobalt vs. Solution Cobalt 
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Total Flux (q,) vs. Solution Copper 
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Magnetic Parameters vs% Cu in Film for Run II (0 Co) 
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Magnetic Parameters vs% Cu 
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FIGURE 33a. Unprocessed Wire 600X 
FIGURE 33b. Electropolished Wire 500X 
• 
67 
FIGURE 34~ .Copper Plated Wire 500X 





FIGURE 35b. Sample I-4 (O Cu, 4 Co, 77 Ni, 19 Fe) SOOX 
,. 
FIGURE 35c. Sample 1-4 2500X FIGURE 35d. Sample I-4 8500X wt th 
Superimposed Cu ka 






FIGURE 35e. Sample I-8 (0 Cu, 27.5 Co, 60 Ni, 12.5 Fe) 500X 
. . 
FIGURE 35£. Sample I-8 2500X with 
Superimposed cu K 












Sample 11-2 2500X 
r 
,. 
' ,, , 1 
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FIGURE 351. Sample III-3 
(8.5 Cu, 4.fl Co, 
70 Ni, 17 Fe) 500X 
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FIGURE 35j. Sa1np le VI-4 
(5 Cu, 26 Co . 57. 5 N 1 , 
1 l • 5 Fe) 500X 
FIGURE 35k. Sample II-6 (28 Cu, (l Co , 







FIGURE 351. Sample III-6 (24 Cu, 3.5 Co, 58.5 Ni, 14 Fe) 500X 
IGU 3 m. Sample II -6 2500X 
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FIGURE 35n. Sample Vi-7 (14 Cu, 24 Co, 52, Ti, 10 Fe) SOOX 
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1-"IGURE 35r. Sample VI-7 Photograph 10, OOOX 
with Superimposed Cu Kaidenti-
fying CU Rich Areas 
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1". ' ' 
., 
' ' ~ 
l (0 f 1 RUN I Cu) ' . 
I ·' ._; 
' I 
l (g/1) " Solution Analysis l -
i :.1 
* 
i CuS08 CoS04 Fe 
+2 
! N.+2 +2 +3 ( ct, V sec) 8N(ma) HR(ma) H (ma) 8NDRO(n*1,) ~(ma) • 5H 7H20 Fe Fe Fe+3 • . 1 C -0,.- " a 2 
-:-_·" .. 
130 54 42 28.0 78 4.8 0 49.57 0.836 0.075 11 
128 79 46 28.0 76 5.1 0.19 49.56 0.650 0.135 4.8 
123 84 50 30.0 88 5.0 0.40 49055 00636 011142 . 4.5 
109 97 ·so 30.0 87 4.8 0.88 49020 -0 0627 0.143 ' 4.4 
'! •• 
_-::'J 117 116 70 30.5 96 4.-4 1.28 48.94 00563 0.174 3.2 d. 
/! ,, 122 f1 129 82 30.0 97 4.1 1.74 48.87 0.559 0.173 3.2 
:fj 96.8 196 118 34.5 154 5.3 3.54 47.85 00454 0.168 3.2 c·-, 
'j 45.0 214 6.2 46.06 0.459 0.198 2.3 iJ", 97 267 158 7.15 ·i':j 













** Total Ni Ni (atomic i . •. 1 .. ': .. l I' :.:;·t 
c;) 
.O'(~) a (o) - - 1 -;-_·--j 
~(Oe) HR(Oe) H (Oe) l\mao(Oe) wt % Cu % Co % Ni % Fe Fe Fe ratio) -::~ ;)~ w C 90 
·-..'"i )i_; 
:· i.:i 
3.44. 0.84 6.40 2.40 79.42 0.48 81. 9·7 17.55 4.67 4.44 ~-:j 1.64 1.62 ;,'i 
.'c'I 
fj 1.79 2.37 3.77 0.84 6. 23 2.33. 71.38 ·o.9o 79.71 19.39 4.11 3.91 ~-.:·..; 
1.66 2.52 4.1:0 o. 9·0 7.22 2.10 73.91 2.26 79.42 18.32 4.3i 4.12 
1.60 · 2.91 4.92 0.90 ~ 7 .13 1.68 67.93 3.96 76.99 19.05 4.04 3.85 
1.76 3.48 5.74 0.915 '7.87 1.32 66.22 6.16 76.11 17.73 4.29 4.09 
. -.; 
1.81 3.87 6.72 0.90 ; 7 .95 1.05 67.32 8.29 74.72 16.99 4.40 4.19 
1.80 5.88 9.68 1.035 l2.63 1.00 53.88 15.85 67.56 16.59 4.07 3.87 
. 1. 77 8.01 12.96 1.35 17.55 0.82 54.86 27 .42 60.·15 12.43 4.84 4.6 
*Total Flux; 
** 
Total Flux per Weight; ***Weight per 2cm. 
··f 
.• 



























' .. 0.804 3.15 












































































Solut~on Analysis (g/1) 
Coso4 Fe+
2 
Ni+2 +2 Fe+3 
- . ,... ... _ 
- '·-<.-:·: -
7H20 Fe Fe+3. 
0.000 l 49. 67 0.744 0.066 11.3 
50.15 0.720 0.132 5.5 
50.34 0.703 0.158 4.5 
150.28 0.693 0.184 3.8 
'50.59 0.685 0.208 ·3.3 
50.57 0.669 0.235 2.8 
·_t 
Film Composition (wt %) ,;. 
" a, Ni · Ni(atomic 
1 - ·-% Co % Ni % Fe . Fe Fe ratio) 
' 
:~ : 
80.90 19:. 10 4.235 4.030 
·-:· .: .: 
76. 84' 17.16 4.478 4.26 -
73.64" 16.36 4.501 4.28 
58.40 12.60 4 .. 635 4.41 
59.39 12.80 4.640 4.42 
59.45 12.75 4.663 4.44 r 
,1::• c" _ ... 




../ - ' . 
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: ' - . 
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RUN III (1 Co) 
--Solution Analysis -{g/1) 
* 
- CuSOg CoSOg F-+2 N.+2 Fe+2 Fe+3 
e . 
. ((/) V sec) HN(ma) HR(ma) Hc(ma) HNDRO(ma) H ('(;IJ (ma) • 5H · 7H Fe+3 l. . 2 2 
L : "- 140 100 60 26 75 3.6 0.0043 1.00 . 50.86 0.799 · 0. 020 40 
;: ; - 125 111 64 · 29 113 .. - 4~5 0.113 50.32 0.719 0.122 5.9 
! 
' . 11.2 124 63 24 160 4.3 0.214 50.43 0.705 0.152 4.6 I : 
104 136 65 22 64 4.2 0.270 50~57 0.690 0.181 3.8 
97. .142 63 26 58 4.8 0.322 50.90 0.650 0.241 2.7 
73 146 63 31 33 13.9 0.371 50~88 0.672 0.208 3.2 
61 149 60 . 26 24 25 0.455 50.87 0.629 0.269 2.3 
52 , 146 · 60 29 -- -- 0.473 50.66 0.580 0.327 1.8 
.~ 
30.5" 158 50 -- -- -- 0.525 50.03 0.545 0.379 1.4 ".--1· 
) 




.\ ' ~ 







a(w> . ~(Oe) Hc(Oe) 8itnao<oe) wt . ·%Cu % Co % Ni % Fe Fe . .I Fe ratio) 
1.597 3.00 4.92 0.78 6.15 1.·22 
' 
87.68 o.o 5.18 76.76 18.07 4.25 4.044 
1.504 3.33 5;.25 0.87 9. 27 1.51 83.30 4.0 5.11 73.47 17.35 4.23 4. 025· . . - .. 
1.487 3.72 5.17 0.72 13.12 1.45 75.90 8.6 4.65 69.96 16.78 4.169 3.967 
1.479 4.08 5.33 0.66 5.25 1.42 70.99 9.8 -i4 21 
--: . 69.58 16.40 4.243 4.038 
i ·1.29 4.26 5.17· 0.78 4.76 1.63 78.53 20.6 '"f]3. 45 61.63 14.31 4.307 4.099 .. 
...., 
1.038 4.38 5.17 0.93 2. 71 4.68 75.06 23.9 '3.57 58.47 14.04 4.164 3.963 
... 
0.810 4.47 4-.92 0.78 1.97 8.45 83.10 30.6 '3.65 53.31 12.44 4.285 4'.078 :;-'. 
-
' -- 4.38 4.92 0.87 -- -- --
--
4.74 4.10 -- -- -- -- c.-- ' 
<\·· '.·. ·._·; . 
. - - ~-
~ . 
i 
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137.92 144 82. 27 91 3.5 
117.4 156 86 26 148 5.4 
106 169 88 22 81 5.35 
84 180 82 32 71 7.5 
9Q.67 178. 84 68 5.2. 




mm I a (o) O'(-) ~(Oe) HR(Oe) Hc(Oel H (Oe) wt 
w NDRO 90 
-· 
1.592 4.32 6.72 0.81 7.46 0.88 86.66 
·1.511 4.68 7.05 0.78 12.14 1.35 77.95 
1.425 5.07 7.22 0.66 6.64 1.33 75.01 
--
5.40 6.72 0.96 5.82 1.88 
· 1. 20s· 5.34 6.89. -- 5.58 1.30 77.42 












·Solution Analysis (g/1) 
CuS04 CoS04 Ni+2 +2 +3 5H20 • 7H20 Fe Fe 
0.006 2.17 49.88 0.805 0 036 · . : 
0.163 2.06 49.79 0.694 0.141 
0.242 2.05 49.56 0.614 0.192 
0.314 2.05 49.60 0.583 0.247 
0.293 2.10 51.67' -- --
0.359 2.09 51.59 0.537 o. 262 
Film Comp9sition (wt %) 
Ni 
-% Cu % Co % Ni % Fe Fe 
o.o 10.18 71.66 18.66 3.946 
5.8 10.03 67.35 16.82 4.004 
9.3 8.29 66.12 16.28 4.061 
-- -- -- --
17.4 8.11 59.43 ·15.06 3.946 
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. t .· 
-·:,' 
RUN V (4 Co) 
Solution Analysis (g/1) . 
Cuso4 CoSOg Fe+2 Ni+2 Fe+2 Fe+3 Hc(ma) H (ma) 
1 
H:w(ma) • 5H20 . 7H Fe+3 NDRO 2 
35 122 4.9 0.005 3.94 48.07 0.727 0.046 15.8 
37 192 5.1 0.169 3.97 48.19· 0.592 0.191 3~1 
44 226 5.8 0.249 3.96 48.60 00566 0.232 2.4 
60 182 8.0 0.324 3.93 48.45 0.510 0.296 1.7 
73.5 101 , 18~9 0.397 3 .. 88 48.49 0.412 0.402 1.0 
75 80 29.5 0.478 3.87 48.29 00397 0.423 0.9 
Film Composition (wt %) -..1 CS) 
*** Total Ni Ni(atomic 
~9o <0 > - /- • HC(Oe) 8NDRO(Oe)- wt % Cu % Co % Ni % Fe Fe Fe.ratio) 
1.05 10.00 0.86 71.93 o.o 15.92 67.00 17.07 3.925 3.735 
1.11 15.74 0.92 
-- -- -- --
--
1.32 . 18. 53 1.03 71.78 5.0 16.34 64.31 14.35 4.482 4.265 -· 
1.80 14.92 1.43 46.49 6.8 15.57 61.95 15.·68 3.951 3.760 
2.20 8.28 3.38 60.87' 9.1 14.64 62.26 14.00 
q 
4.447 4.232 
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-; . 
RUN VI UI Co) 
t·~ 
:; 
H. .. (ma) 
NDRO 




































































Solution Analysis (g/1) 
Cuso4 CoS04 























50.29 0.523 0.247 
50.23 0.550 00214. 
o.401 8.2g 50.58 o.496 o.2ss 
0.402 8.28 t 51.25 0.464 0.179 
Film Composition (wt%) 
Ni 
-% Cu % Co c;'o.h:Ni % Fe 1B'e 






















11.55 4.988 4.75 
11.53 4~941 4.70 
10.99 5.015 4.77 
-- -- -- --
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There--is a strong temptation to interchange flux or-weight and 
magnetization (M) since they are proportional. The constant of 
proportionality contains ge.ometrical factors which are constant and 
density which may not be constant. 
Consider 
where 
(\) = induction flux 
v = induced voltage 
B = induction 
S = surf ace area 
·:,_ 
B • dS 
.;: 
.,·•I·· 
If Bis everywhere normal to the surface then 
but 







The second term arises from the current in the wire and was measured 
with an unplated wire. The magnitude was found to be negligible. 
so .. 
.... 
1 M=-S vdt 
_! 
- s 
cb = _WS M = 2 rl 
--W- d2 rtl 
r = radius of the film 
t = thickness of the film 
1 = effective length 
d= density of the 
M 
' 1·· 
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